Streptococcus pneumoniae or pneumococcus (PN) is a major causative agent of bacterial meningitis with high mortality in young infants and elderly people. The mechanism underlying PN crossing of the blood brain barrier (BBB) remains poorly understood.
inflammation that fragilizes the BBB [6] . Ply was shown to alter astrocyte shape, glutamate signaling and to trigger synaptic damage at non-lytic concentrations and during PN meningitis [7] [8] [9] , however, its role during the early phase of PN translocation across the BBB remains ill defined.
The large majority of cellular studies on PN translocation across the BBB have been performed using tissue culture brain endothelial cells. While brain endothelial cells represent the mechanical barrier isolating the brain cortex from the bloodstream, other cell types forming the neurovascular unit regulate the BBB function [10, 11] . Among these, astrocytes form glial networks in the various brain compartments and extend end-feet contacting vessels of the brain vasculature [12, 13] . The astrocytes at this interface modulate the integrity and functions of the blood-brain barrier, neuroinflammation, cerebral blood flow, and interstitial fluid drainage [13] [14] [15] .
Using mice retro-orbital vein injection, we found that all aCx43 FL/FL control mice developed meningitis when challenged with TIGR4, a PN serotype 4 wild-type strain [16] . All PN infected mice showed reduced activity, associated with piloerection at 9 H post-infection, with aggravating symptoms including hunched postures and absence of motility at 24 H postinfection, the longest incubation time at which mice were sacrificed to limit animal suffering (Figs. 1A and S1). As shown in Fig. 1B , CFU determination in brains of aCx43 FL/FL mice indicated that bacterial translocation was detected as early as 3 H post-injection and increased exponentially over the 24 H incubation period to reach a median value of 6.2 x 10 4 CFUs / mg, a time point at which rupture of the BBB integrity could be detected macroscopically ( Fig. S1A ). Bacterial CFUs could be detected in the cerebrospinal fluid at 24H but not at 3H post-infection, suggesting the brain as a primary infection target (Fig. S1B ). In control experiments, aCx43 FL/FL mice showed no symptoms when infected with irrelevant an E. coli K12 strain and no CFU counts could be detected in sampled brains at 24 H post-infection (N = 4). Interestingly, aCx43 -/mice did not present obvious symptoms or only slightly reduced activity up to 24 H post infection, suggesting that infection was controlled. Accordingly, PN translocation in the brain of aCx43 -/mice was significantly decreased with a median value of 1.2 x 10 2 CFUs / mg at 24 H post-infection. Blood counts shared similar median values between aCx43 FL/FL and aCx43 -/mice during the first 13H incubation. However, at 24 H post-infection, aCx43 FL/FL mice showed blood titers that were 700-times higher than aCx43 -/mice ( Fig. 1C ), consistent with secondary systemic infection from the brain. PN infection led to up-regulation of the pro-inflammatory cytokines TNF-α and IL1-β, as well as of endothelial inflammation markers as revealed by qRT-PCR, but to similar extent in aCx43 FL/FL and aCx43 -/mice despite the difference in bacterial titers ( Fig. S2 ).
To further characterize the early events associated with PN translocation across the BBB, we performed brain immunofluorescence analysis (Methods). No bacteria were detected in the brain cortex at 3 H post infection and only 0.7 to 3.3 bacteria or bacterial clusters / mm 2 were observed at 6 H and 13 H post-infection. As shown in Fig. 2A , bacteria were found in close association with brain vessels, consistent with early brain translocation events. Immunolabeling revealed the presence of small capsular remnants at the vicinity of bacteria associated with brain vessels ( Fig. 2A ). Capsular remnants associated with bacteria were detected in the lumen of brain vessels, suggesting that bacterial lysis or capsular shedding reported during in vitro interaction with endothelial cells also occurred in the brain vasculature ( Fig. 2A, arrowhead; [2, 17] ). Remarkably, such capsular remnants were also detected in the brain cortex seemingly leaking from vessels in association with translocated bacteria at 6H postinfection, consistent with loss of vessel integrity at early stages of crossing of the BBB by PN ( Fig. 2A, arrows) . Capsular remnants and loss of endothelial vessel integrity was clearly detected in association with bacterial clusters at 13H post-infection. Consistent with the scoring of CFUs from sampled brains, aCx43 -/mice showed three times less translocation events compared to aCx43 FL/FL mice as early as 6H post-infection (Figs. 2B, C). Single or a discrete number of bacteria were observed, with lesser capsular remnants and loss of vessel destruction, consistent with poor PN translocation across the BBB in aCx43 -/mice ( Fig. 2B ).
Bacterial cluster size quantification also indicated that PN brain intra-cortical replication was higher in aCx43 FL/FL relative to aCx43 -/mice, with clusters 6 and 23-times bigger at 6H and 13 H post-infection, respectively (Figs. 2C, D).
Strikingly, bacterial intracortical growth in aCx43 FL/FL mice brains was associated with the fragmentation and GFAP astrocytic filaments ( Fig. 2E , dotted area). In association with the disruption of the GFAP network, nuclear shrinkage and fragmentation could also be detected in astrocytes associated with intracortical PN microcolonies reminiscent of the action of Ply ( Fig. S3 ) [18] . The fragmentation of GFAP filaments not only occurred in close contact to bacterial microcolonies but also at the vicinity defined by the area corresponding to diffusion of shed capsular materials (SCMs) (Figs. 2E and S3, dotted area) suggesting that an action of secreted bacterial products. Such fragmentation was seldom observed in aCx43 -/mice brains, where single translocated bacteria were detected in close association with GFAP labeled astrocytic processes ( Fig. 2F ). Consistently, quantification based on the size and shape of GFAP-labeled structures indicated that fragmentation of GFAP-labeled filaments was more pronounced in the area defined by SCMs compared to fields devoid of bacteria in aCx43 FL/FL mice brains (Figs. 2G, S3). In contrast, no difference in GFAP structures fragmentation was observed in astrocytes associated with translocated bacteria in aCx43 -/mice brains (Figs. 2G, S3).
aCx43 is a main Cx expressed in astrocytes forming hemichannels involved in paracrine signaling particularly relevant for the regulation of the BBB permeability [19, 20] . Our results indicated a role for aCx43 in the BBB translocation by PN in association with a loss of brain vascular endothelial integrity and astrocytic damages. (Fig. 3D ), an effect that was inhibited by carbenoxolone ( Fig. 3E ).
Ply-mediated cytotoxicity has been linked to mitochondrial dysfunction and cytosolic Ca 2+ increase [18, 21] . Our results suggested that Cx43 channels play a major role in Ply-mediated cytotoxicity. These findings are reminiscent of cytotoxicity induced by the small pore forming toxins RTXs involving the release of ATP through plasma membrane channels formed by purinergic P2X7 receptors and pannexins [22] [23] . To further characterize the mode of action of Ply and extend findings to cells other than astrocytes, we analyzed the effects of Ply in HeLa cells that do not express known Cxs and HeLa cells stably transfected with Cx43 (HCx43; [24] ). As shown in Figs As a Cholesterol-Dependent Cytolysin (CDC), Ply is believed to cause cytotoxicity through the formation of large pores in host cell plasma membranes [5, 25] . However, our findings support the notion that at physiological concentrations, Ply cytotoxicity involves aCx43 hemichannels and the release of extracellular ATP to promote host cell permeabilization.
These findings are consistent with published reports showing that low concentrations of Ply may induce the formation of small pores in host cell membranes, perhaps linked to the formation of incomplete rings or arcs [26, 27] . Thus, Ply may function in a manner similar to the small pore forming toxins RTXs shown to require host cell plasma membrane channels and ATP release to induce hemolysis [28] . The characterization of Cx43 as major actor in Ply-mediated cytotoxicity has major implications for PN meningitis. Based on our findings, we propose that during the early stages of PN meningitis, PN triggers loss of vascular endothelial cell integrity (Fig. S7 ). This loss of integrity is favored by the targeting of astrocytes by secreted PN products. Among PN secreted products, Ply targets astrocytes in a process dependent on aCx43 hemichannels and eATP release (Fig. S7 ). Because PN growth is subjected to stringent requirements, leakage from the brain vasculature may also provide with blood nutriments favoring PN intracortical growth in aCx43-proficient but not deficient mice ( Fig. S7 ). Future works is required to appreciate the role of secreted PN products and hemichanel-mediated paracrine signaling at the various stages of bacterial meningitis.
METHODS

Bacterial strains, cell lines, and reagents
The ply isogenic mutant from the S. pneumonia serotype 4 clinical isolate TIGR4 was a kind gift from Andrew Camilli (Tufts University, Boston, USA). Bacteria were grown in Todd Hewitt Broth containing (#BD249240, Thermofisher) 0.5% Yeast Extract at 37°C (#210929, Thermofisher) and plated on Columbia blood agar plates (# 43041, Biomérieux, France).
Primary astrocytes were derived from mice forebrains as previously described (ref) . HeLa cells (ATCC CCL-2 TM ) were from ATCC, and the stable HeLa cell line expressing human Cx43 were described previously [24] . Cells were grown in DMEM (Dulbecco's Modified 
Cloning and purification of recombinant Ply
Ply was cloned into the TOPO-TA cloning vector pET101D (#K10101, Thermofisher) using the following primers: 5'-CACCATGGCAAATAAAGCAGTAAATGAC-3' and 5'-GTCATTTTCTACCTTATCCTCTACCTGAGG-3'. The insert was verified by DNA sequencing. Purification of recombinant Ply was performed using Talon resin (#PT1320-1, Clontech Laboratories Inc.) affinity chromatography from freshly transformed BL21/DE3 E. coli following the manufacturer's instructions. Samples were store in 25 mM HEPES, 50 mM NaCl, 0.1% beta-mercaptoethanol in aliquots at -80°C and defrosted freshly before use.
Mice meningitis model
Experiments and techniques reported here complied with the ethical rules of the French agency for animal experimentation and with the Institute of Medicaments, Toxicology, Chemistry, and the Environment animal ethics committee (Paris Descartes University, Agreement 86-23). aCx43 -/mice deficient for astrogial Cx43 and respective proficient aCx43 FL/FL mice were described previously [29] . PN cultures were freshly grown to OD 600nm = 0.2, and resuspended in PBS buffer at a final concentration of 5 x10 8 cfu/ml. Following anesthesia, 6-9 weeks old C57BL/6 mice were infected through intravenous retro-orbital injection by 50 uls of the bacterial suspension. At various time points post-infection, mice were anesthetized and blood was sampled for CFU determination. For the macroscopic analysis of the BBB integrity, mice were injected via retro-orbital vein with 60 µl of PBS containing 2% Evans Blue. Mice were subjected to intracardiac perfusion with 20 mls of sterile PBS using a peristaltic pump at a flow rate of 2.5 mls / mn prior to brain sampling.
Sampled brains were either flash-frozen at -80°C for subsequent RNA extraction and qRT-PCR analysis, immediately homogeneized for CFU determination following plating on blood agar plates, or processed for cryosection and immunofluorescence analysis.
QRT-PCR analysis
Total RNAs were isolated from frozen brain samples homogenized in Trizol (Life Technologies) and chloroform using glass beads and the RNeasy Lipid Tissue kit (Qiagen Corp.). qRT-PCR was performed using the Superscript II reverse transcriptase kit (Invitrogen) and SYBR green PCR master kit (Applied Biosystems) and the following pairs of primers for TNF-α: The primers used for VCAM, ICAM and P-Selectin were from the QuantiTect primer assay kit (Qiagen). Results are expressed following normalization using 18S RNA.
Immunofluorescence microscopy analysis
Sampled brains were embedded in OCT (Tissue-Tek, Torrance, CA) and frozen in isopentane at -25°C. 20 µm sections were cut from frozen brains in a cryostat and fixed in 4% paraformaldehyde for 15 min at 21°C. Samples were permeabilzed for 60 min in PBS containing 0.25 % Triton X-100 and 5% newborn goat serum, prior to incubation with primary antibodies at the following dilutions: anti-GFAP (1:500), anti-PN capsular (1:300), software. Images were analyzed using the Metamorph software. and processed for immunofluorescence staining of GFAP, F-actin, and bacterial capsule.
Cell challenge with bacterial strains and pneumolysin
Calcein release assays and Ca 2+ imaging.
Calcein release assays were performed as previously described [30] . Briefly, cultured cells were seeded on sterile 25 mm-diameter coverslips (Deckgläser) at a density of 2 x 10 5 cells / well in the day before the experiments. Cells were washed 2 times with EM buffer and loaded with calcein-AM at 3 µM final concentration in EM buffer for 30 min at 21°C. Samples were washed three times with EM buffer and placed in a observation chamber on the microscope stage at 37°C. Samples were incubated with purified Ply at 300 nM final concentration and images were acquired at 470 nm excitation every 3 minutes for 60 min. The rates of calcein release were inferred from linear fits with a Pearson correlation coefficient > 0.95.
Ca 2+ imaging was performed as described previously [31] . Parental HeLa cells or stable transfectants expressing Cx43 (HCx43) were challenged for 90 min with wild-type TIGR4 (+PN) or an isogenic ply mutant (+ ply) (A, B) , or with purified Ply (+Ply) (C-G). CTRL: non-infected cells. Scale bar = 5 µm. A, representative phase
